W ith respect to the pathogenesis of various cerebral autoimmune diseases, an underlying infectious agent has been proposed. In fact, infections often precede cerebral autoimmune attacks, although a specific pathogen responsible for the induction of autoimmune CNS disorders has not been identified. Two major mutually not exclusive concepts have been proposed to explain how infections could induce autoimmune CNS diseases: 1) molecular mimicry, that is, the activation of autoimmune T cells, which are cross-reactive between a pathogen and self-Ags; and 2) bystander activation, that is, the activation of autoreactive T cells by nonspecific inflammatory events during an infection (1) .
In clinically important autoimmune diseases of the CNS either neurons or oligodendrocytes serve as target cells of the autoimmune attack. Because oligodendrocytes and neurons can express MHC class I, but not MHC class II, Ags (2), CD8 T cells in contrast to CD4 T cells may directly destroy these cell types. In most autoimmune CNS disorders, CD8 T cells numerically dominate CD4 T cells (3) . Surprisingly, the role of CD8 T cells has mainly been claimed to be regulatory, while CD4 T cells were regarded as major pathogenetic players (4) . However, there is direct evidence that in paraneoplastic syndromes (5) and Rasmussen's encephalitis (6) , CD8 T cells destroy neurons in a granzyme B-dependent mechanism, and myelin-specific CD8 T cells can induce severe CNS autoimmunity in mice with distinct clinical symptoms and pathology (7) (8) (9) . Additionally, feline immunodeficiency virus-infected CD8 T cells can destroy dorsal root ganglion neurons in a CD154/CD40-dependent pathway (10) .
So far, experimental models have failed to induce a CD8 T cell-mediated, clinically relevant autoimmune disease of neurons by an infection. Therefore, it is at present unclear under which circumstances a clinically relevant autoimmune response of pathogen-specific CD8 T cells against neurons can be induced. Because pathogen-specific T cells are primed in peripheral lymphoid organs, and even in exclusively extracerebral systemic infections, the CNS is immunosurveilled by pathogen-specific activated CD4 and CD8 T cells (11) , and strictly peripheral infections may induce an autoimmune attack by cross-reactive T cells against neurons. However, the induction of an autoimmune response against neurons might also require a direct infection of the CNS that induces a local proinflammatory milieu and results in a further increased recruitment of pathogen-specific T cells.
To systematically analyze under which circumstances a clinically overt autoimmune attack against neurons can be induced by molecular mimicry between neurons and a pathogen, we have generated a murine model in which neurons express OVA, which has defined CD8 T cell epitopes, and infected these mice systemically or intracerebrally (i.c.) 3 with Listeria monocytogenes (LM) secreting OVA or not. The model of listeriosis and the OVA Ag were chosen because 1) LM is a facultative intracellular bacterium, which can cause systemic and severe cerebral infections in humans and mice (12) ; 2) immunity against LM is primarily mediated by CD8 T cells; 3) transgenic LM-secreting OVA (LMova) induces a strong CD8 T cell response against MHC class I-K b -restricted OVA 257-264 ; 4) OVA-transgenic LM deleted of the actA gene (⌬actA LMova), which results in deficient direct cell-to-cell spread of the bacterium (13) , induces a strong OVA 257-264 -specific CD8 T cell response, thereby allowing the precise characterization and tracking of the ensuing immune response; and 5) both ⌬actA LM and ⌬actA LMova cause a mild, transient cerebral infection after i.c. inoculation in mice (14, 15) .
Using this experimental system, we demonstrate for the first time that molecular mimicry between a pathogen and neurons can induce a CD8 T cell-mediated neurological disease, that the severity and duration of the disease were influenced by the frequency of i.c. OVA 257-264 -specific CD8 T cells, and that induction of the disease required the presence of the pathogen in the CNS. 
Materials and Methods

Mice
Generation of transgenic mice
The neuron-specific enolase (NSE) promoter was amplified by PCR using the plasmid pNSElacZ (kindly provided by Dr. I. L. Campbell, University of Sydney, Australia) as template and the primers pNSEF (CGTGGTAC CGCGGCCGCCTATGGTGGTATGGCTGACAC, with a KpnI and NotI cutting site on the 5Ј side) and pNSER (AAGCTTGGTGACGGCGGCG GCGCAGA, with a HindIII cutting site on the 3Ј side). This NSE promoter had previously been shown to drive transgene expression specifically to CNS neurons (16) . The PCR product was linked to a transferrin receptor (TfR)/OVA fragment encoding a fusion protein consisting of the transmembrane anchor of the human transferrin receptor and aa 139 -385 of OVA. The TfR/OVA fragment was isolated from the pBlueRIP-TfR/OVA plasmid (kindly provided by Dr. F. Carbone, Walter & Eliza Hall Institute, Melbourne, Australia) by digestion with HindIII (Fermentas). The resultant vector sequence was excised by digestion with NotI (Fermentas), purified, and controlled by DNA sequencing to ensure the correct size, sequence, and orientation before microinjection.
To confirm the presence of the transgene in tail DNA, Southern blot analysis was conducted as described (17) ; amplification of position 4960-5184 of the targeting vector was performed using the primers 5Ј-CAGAAA TCAATGAAGCAGGC and CCCCTGATACTACAGTGCTCTGGG-3Ј, and a 3Ј end-labeled digoxigenin OVA probe (position 5087-5105, 5Ј-CGCCG TTCTCTTCTTTGGC-3Ј). For confirmation of the correct size of the PCR product, GeneRuler 100-bp DNA (Fermentas) was included as a marker in PCR gel electrophoresis.
To assess the presence of OVA protein in the various organs, Western blot was performed using a polyclonal rabbit anti-OVA Ab (SigmaAldrich), HRP-conjugated goat anti-rabbit Ab (Dianova), and the Immun-Star HRP system (Bio-Rad). To ensure the correct size of the protein in the Western blot, PageRuler (Fermentas) was included as a molecular marker in the gel.
Bacteria, infection, and CFU
⌬actA LM and ⌬actA LMova mutants were used for i.p. (1 ϫ 10 6 ) and i.c. (1 ϫ 10 3 ) infection of mice as described (12) . For determination of the i.c. bacterial load, brains were dissected from sacrificed mice and homogenized separately with sterile tissue grinders at the indicated time points postinfection (p.i.). Ten-fold serial dilutions of the homogenates were plated on tryptose-soy agar. Bacterial colonies were counted microscopically after incubation at 37°C for 48 h.
Clinical assessment
Throughout the experiments, animals were observed daily for clinical signs of disease for 25 days p.i. Mice were scored according to clinical severity of symptoms on a scale of 0 to 6: 0, healthy animals; 1, irritability and tremor; 2, additional coordination disturbance and abnormal gait; 3, additional hind limb weakness; 4, additional spontaneous slight hind limb ataxia; 5, additional spontaneous severe hind limb ataxia; and 6, severe hind limb ataxia and paresis.
Histopathology
Histology and immunohistochemistry on frozen and paraffin sections were performed as described (18) . To identify the OVA-expressing cells, double immunofluorescence staining was conducted on frozen sections. Neuronal nuclei (NeuN; clone A60, Chemicon International) and glial fibrillary acidic protein (GFAP; mouse anti-GFAP, Chemicon International) were detected by the M.O.M. kit (Vector Laboratories). CNPase (2Ј,3Ј-cyclic nucleotide 3Ј-phosphodiesterase) was identified by using mouse antiCNPase (Acris Antibodies) together with DAKO-HRP mouse-to-mouse kit (DakoCytomation). The F4/80 Ag was detected by application of anti-F4/80 (Serotec), followed by biotinylated mouse anti-rat IgG (Dianova) and extravidin-FITC (Sigma-Aldrich). After demonstration of these Ags, sections were incubated with rabbit anti-OVA Ab (Sigma-Aldrich) and goat anti-rabbit Texas Red (Dianova).
For triple immunofluorescence labeling, frozen sections were incubated with 1) mouse anti-mouse NeuN Ab followed by biotinylated mouse antiIgG and avidin-fluorescein conjugate (Vector Laboratories) or biotinylated mouse anti-mouse CD45.1 followed by avidin-fluorescein conjugate; 2) rabbit anti-OVA Ab followed by goat anti-rabbit Texas Red; and 3) either rat anti-mouse CD45, rat anti-mouse CD8a, or rat anti-mouse MHC class I (clone M1/42.3.9.8.HLK, American Type Culture Collection) followed by donkey anti-rat 7-amino-4-methylcoumarin-3-acetic acid (BD Pharmingen). Nonspecific binding of primary murine Abs was blocked with the M.O.M. kit.
The TUNEL kit (Roche Diagnostics) was applied according to the manufacturer's instructions visualizing the reaction product with 3,3Ј-diaminobenzidine (Sigma-Aldrich) as substrate and H 2 O 2 (Merck) as cosubstrate.
Isolation of splenocytes and cerebral leukocytes and flow cytometry analysis
Animals were anesthesized with Metofane (Janssen Pharmaceutica) and intracardially perfused with PBS. Thereafter, cerebral and splenic leukocytes were isolated as described before (19) . Isolated cerebral leukocytes were analyzed by double or triple immunofluorescence staining followed by flow cytometry as described (14) . At each time point, brains or spleens of four mice were pooled.
ELISPOT assay
The frequency of i.c. LM-specific CD4 and CD8 T cells was determined by an IFN-␥-specific ELISPOT as described previously (14) . At each time point, brains or spleens of four mice were pooled.
T cell depletion experiments
For depletion of CD4 and/or CD8 T cells, mice were treated with either rat anti-mouse CD4 (clone GK1.5) and/or rat anti-mouse CD8 (clone PC61) Abs as described before (14) , starting at day 12 of immunization (i.e., 3 days before i.c. infection). At the first 3 days of i.p. treatment, Abs (0.5 mg/mouse) were injected daily; thereafter, Abs were injected every third day. Control mice were treated with rat IgG (Sigma-Aldrich). Three days after i.c. infection, mice received ampicillin per os for 8 days. Efficacy of CD4 and CD8 T cell depletion was Ͼ95% as controlled by flow cytometry.
Adoptive cell transfer
Leukocytes were isolated from the spleen of CD45.1 OT-I mice. CD8 T cells were purified from CD45.1 OT-I mice with the Midi-MACS system (Miltenyi Biotec) using CD8 T cell isolation kits. Purified CD8 T cells (2 ϫ 10 6 ) were injected i.v. in a volume of 200 l 0.1 M PBS into naive recipient mice 1 day before infection. The purity of the isolated T cell population was Ͼ90% as controlled by flow cytometry.
Intracellular IFN-␥ staining
First, cerebral and splenic leukocytes were incubated with anti-CD16/32 followed by extracellular staining with anti-CD4-FITC and anti-CD8-FITC, respectively, and anti-CD45-CyChrome (BD Biosciences). Leukocytes isolated from mice having received CD45. 
Statistical evaluation
Differences in the i.c. bacterial load between the various experimental groups were evaluated using a two-tailed Student's t test. In NSE-OVA and C57BL/6 mice having been adoptively transferred with OT-I cells followed by an i.c. infection with ⌬actA LMova, the numbers of viable and apoptotic neurons were counted in high-power fields of cresyl violet-stained spinal cord paraffin sections of at least two animals per experimental group. Differences were determined using the Mann-Whitney U test. To test for the clinical score, a two-tailed Mann-Whitney U test was applied. Data are presented as means Ϯ SD; p Ͻ 0.05 was considered significant. Experiments were performed at least in duplicate.
Results
Generation and characterization of NSE-OVA transgenic mice
To direct OVA expression to the cell surface of CNS neurons, a NSE-TfR/OVA construct was generated as described in Materials and Methods. The TfR/OVA fragment was isolated, microinjected into the pronuclei of C57BL/6 fertilized eggs, and the presence of the OVA transgene was confirmed in mutant mice (Fig. 1A) . The TfR-OVA fusion protein (45 kDa) was expressed CNS specifically and was absent from thymus, heart, lung, liver, spleen, and kidney of NSE-OVA mice (Fig. 1B) .
OVA was ubiquitously expressed on neurons of the CNS, including cortex, basal ganglia, hippocampus, cerebellum, brain stem, and spinal cord (Fig. 1C) . GFAP ϩ astrocytes, CNPase ϩ oligodendrocytes, as well as F4/80 ϩ macrophages/microglia were consistently OVA negative (Fig. 1D-F) . In contrast to NSE-OVA mice, normal wild-type (WT) mice did not express OVA in any cell of the CNS (data not shown).
NSE-OVA mice were observed for up to 1 year and none of these animals developed any clinical symptoms spontaneously. A detailed histopathological investigation of the brain and spinal cord of NSE-OVA mice up to the age of 10 mo did not reveal any abnormalities, illustrating that OVA expression of neurons does not cause disease (data not shown).
A systemic infection with OVA-transgenic LM does not induce a cerebral autoimmune disease in NSE-OVA mice
We have previously shown that after i.p. infection with ⌬actA LM, LM-specific CD8 T cells are recruited to the CNS in the absence of a cerebral invasion by LM (11) . To analyze whether such an immunosurveillance of the CNS by pathogen-specific CD8 T cells might cause disease in animals expressing cross-reactive CD8 T cell epitopes on neurons, we infected NSE-OVA and C57BL/6 WT mice i.p. with either ⌬actA LM or ⌬actA LMova.
Systemic infection of both NSE-OVA and WT mice with ⌬actA LMova induced splenic OVA 257-264 -specific CD8 T cells in both strains of mice without significant differences ( Fig. 2A) . Additionally, i.p. infection with ⌬actA LMova also resulted in the recruitment of a similar, small number of OVA 257-264 -specific CD8 T cells to the CNS of both WT and NSE-OVA mice (Fig. 2B ). In agreement with previously published data (11), immunohistochemistry revealed that CD8 T cells were located in the leptomeninges, perivascularly, and occasionally in the brain parenchyma (data not shown). In contrast, after infection with OVA-negative ⌬actA LM, OVA 257-264 -specific CD8 T cells were not detected in spleen or in brain (data not shown).
In agreement with data published previously (11), the determination of CFU in the brain at various time points after i.p. infection (days 1-7) confirmed that LM did not invade the CNS in any of the experimental groups (data not shown).
Importantly, mice of all experimental groups remained healthy and had a clinical score of 0 on a scale that clinically evaluated neurological symptoms. Additionally, a detailed histopathological analysis showed that neurons in the brain and spinal cord did not show any abnormalities and were not associated with any inflammatory cells (data not shown). These findings illustrate that NSE-OVA mice developed an OVA-specific CD8 T cell response after i.p. infection with ⌬actA LMova and were not tolerant against OVA. Additionally, the recruitment of pathogen-specific (OVA 257-264 ) CD8 T cells to the CNS was not sufficient to induce a neurological disease in mice expressing OVA on neurons.
Cerebral infection with OVA-transgenic LM induces a sustained neurological disorder in NSE-OVA mice
To analyze whether a direct infection of the CNS by LM expressing OVA alters the course of disease in NSE-OVA mice as compared with i.p. infection, NSE-OVA and WT mice were infected i.c. with ⌬actA LMova or ⌬actA LM.
In agreement with previous results (14) , in both NSE-OVA and WT mice, i.c. application of OVA-negative ⌬actA LM resulted in a clinically asymptomatic cerebral listeriosis (score of 0 in both groups). Histopathology showed that both groups of mice developed a mild meningitis and ventriculitis, with LM being restricted to the leptomeninges, the choroid plexus, and the ependyma of the lateral ventricle. Importantly, there was only a marginal infiltration of the brain parenchyma by CD4 and CD8 T cells, which were scattered diffusely throughout the brain, without any pathology of neurons in both groups of mice as demonstrated by immunohistochemistry on representative serial sections throughout the brain (data not shown). Thus, expression of OVA on neurons does not alter the mild course of cerebral listeriosis after i.c. application of attenuated ⌬actA LM, which extends and confirms previous data (14) .
In contrast, i.c. infection of NSE-OVA mice with OVA-secreting ⌬actA LM induced a neurological disease characterized by irritability and tremor, coordination disturbance, abnormal gait, hind limb weakness, and in some mice by an additional spontaneous slight hind limb ataxia (Fig. 3A) . Clinical symptoms started in individual NSE-OVA mice at day 3 p.i., were manifest in 100% of mice at day 5 p.i., reached a maximum at day 11 p.i. (score of 3.5), declined thereafter, and were resolved at day 23 p.i. (Fig. 3 , A and 
B)
. Importantly, i.c. infection of WT mice with ⌬actA LMova did not induce a clinically overt neurological disease, and WT mice always had a clinical score of 0 (Fig. 3, A and B) .
To rule out that the development of disease in NSE-OVA mice infected with ⌬actA LMova was caused by an insufficient control of LM in these animals, i.c. CFUs were determined. As illustrated in Fig. 3 , C and D, CFUs of NSE-OVA and WT mice did not differ after infection with either ⌬actA LM (Fig. 3C ) of ⌬actA LMova (Fig. 3D ) and bacteria were eliminated with the same kinetics from the CNS. Thus, NSE-OVA mice infected i.c. with ⌬actA LMova reached the maximum of disease activity, when the pathogen had already been eliminated from the CNS.
In conclusion, these experiments show that only an i.c. infection with ⌬actA LMova induced a neurological disease in NSE-OVA transgenic mice, which was not caused by LM per se.
A systemic immunization with ⌬actA LMova before i.c. infection with ⌬actA LMova aggravates the neurological disease of NSE-OVA mice
In systemic and cerebral listeriosis, an immunization with viable LM before challenge infection results in a more rapid elimination of the pathogen, which is mediated by an increased frequency of LM-specific T cells, especially CD8 T cells (15) . To analyze how a systemic immunization with ⌬actA LMova affects the neurological disease of NSE-OVA mice before i.c. infection with the same bacterial strain, NSE-OVA and WT mice were immunized i.p. with 1 ϫ 10 6 ⌬actA LMova and were i.c. challenged with 1 ϫ 10 3 ⌬actA LMova 14 days thereafter. As expected, immunized NSE-OVA and WT mice eliminated ⌬actA LMova more rapidly from the CNS than did nonimmunized mice, and in both strains of immunized mice bacteria were not detectable beyond day 5 after i.c. infection (Fig. 4A) .
Importantly, immunized NSE-OVA mice developed a neurological disease, which in individual animals started at day 3 after i.c. infection (Fig. 4, B and C) . At day 5 p.i., all NSE-OVA mice were diseased, and clinical symptoms further progressed until day 11 p.i. with a mean score 5.0 (Fig. 4, B and C) . Thereafter, disease severity declined and all mice recovered up to day 23 p.i. Thus, in immunized NSE-OVA mice the disease was even more severe than in nonimmunized NSE-OVA mice after i.c. infection with ⌬actA LMova with respect to the clinical score ( p Ͻ 0.05 at days 7, 9, and 11 p.i; see Fig. 3A vs Fig. 4B ). In contrast, immunized WT mice did not develop a neurological disease after i.c. infection with ⌬actA LMova (Fig. 4, B and C) .
These experiments show that despite a more effective elimination of LM in immunized mice, the neurological disease is even more severe in immunized NSE-OVA mice.
Intracerebral CD4 and CD8 T cells including OVA 257-264 -specific CD8 T cells increase in the brains of NSE-OVA mice having been infected i.c. with ⌬actA LMova
To evaluate how the expression of OVA on neurons affects the local T cell response, the i.c. immune reaction of immunized and nonimmunized NSE-OVA and WT mice after i.c. infection with ⌬actA LMova was studied.
After i.c. infection with ⌬actA LMova the number of i.c. CD8 T cells increased in both strains of mice, with higher numbers found in immunized than nonimmunized mice (Fig. 5A) . However, the kinetics of CD8 T cells was different in WT and NSE-OVA mice. Up to day 7 p.i., CD8 T cells increased in both nonimmunized and immunized NSE-OVA and WT mice. Whereas numbers of i.c. CD8 T cells gradually decreased in both nonimmunized and immunized WT animals thereafter, numbers of i.c. CD8 T cells further increased, especially in immunized mice, in parallel to the disease activity up to day 14 p.i. At this time point, numbers of i.c. CD8 T cells were increased in immunized NSE-OVA mice as compared with WT mice (Fig. 5A) . Thereafter, numbers of CD8 T cells decreased in parallel to the regressing disease activity in NSE-OVA mice.
To prove that the increased number of CD8 T cells included OVA 257-264 -specific CD8 T cells, the frequency of CD8 T cells specific for this epitope was determined in immunized animals. As illustrated in Fig. 5B , immunized NSE-OVA mice harbored elevated numbers of OVA 257-264 -specific cells in the CNS as compared with WT animals at days 5, 8, and 15 p.i. However, in contrast to the total number of CD8 T cells, OVA 257-264 -specific cells did not further increase but declined in NSE-OVA mice from day 5 to 15 p.i. Interestingly, in the spleen, the number of OVA 257-264 -specific CD8 T cells did not differ between NSE-OVA and WT mice beyond day 5 p.i. (Fig. 5C) . that OVA-specific CD8 T cells accounted for 33.5, 67.1, and 53.7% of the whole i.c. CD8 T cell population in NSE-OVA mice at days 5, 8, and 15 p.i., respectively (Fig. 5D) . In WT mice, the percentage of OVA-specific CD8 T cells among the bulk of i.c. CD8 T cells was slightly lower, and they accounted for 25.3, 52.7, and 41.8% of all i.c. CD8 T cells at days 5, 8, and 15 p.i. (Fig. 5D) .
Because CD4 T cells might play an important regulatory role for the i.c. CD8 T cell response, we also determined the kinetics of i.c. CD4 T cells. The total number of i.c. CD4 T cells increased in nonimmunized and immunized mice of both strains (Fig. 5E) . At days 7 and 14 p.i., immunized mice of both strains of mice had increased numbers of i.c. CD4 T cells as compared with nonimmunized mice. In general, NSE-OVA and WT mice harbored comparable numbers of i.c. CD4 T cells, and the kinetics of CD4 T cell numbers was identical in both mouse strains and, in contrast to CD8 T cells, CD4 T cells of NSE-OVA mice reached maximal numbers before the peak of disease activity around day 14 p.i. and did not differ from WT animals.
In contrast to OVA 257-264 -specific CD8 T cells, we could not detect OVA 323-339 -specific CD4 T cells either by ELISPOT or by intracellular IFN-␥ FACS staining in brain and spleen of WT and NSE-OVA mice after i.c. or i.p. ϩ i.c. infection with ⌬actA LMova (Fig. 5, F and G) . However, the i.c. CD4 T cell response against the dominant LLO 190 -201 H-2D b -restricted MHC class II epitope of LM was slightly increased in NSE-OVA mice as compared with WT animals (Fig. 5E ). Both strains of mice developed an equally strong splenic CD4 T cell response against the dominant LLO 190 -201 H-2D b -restricted MHC class II epitope of LM ( Fig. 5G ). These ELISPOT data were confirmed by determination of the number of i.c. and splenic LLO 190 -201 -specific CD4 T cells by IFN-␥ staining and flow cytometry (data not shown).
In conclusion, these experiments indicate that the elevated number of pathogen-specific, potentially cross-reactive CD8 T cells in the CNS of NSE-OVA mice is forced by a local, CNS-specific factor, presumably OVA expression of neurons.
Intracerebral CD8 T cells form neuron-associated infiltrates in the brains of NSE-OVA transgenic mice
Having established that the neurological disease of NSE-OVA mice is characterized by an increased number of CD8 T cells, including OVA-specific CD8 T cells in the CNS, we next determined the association of T cells with neurons. According to the disease maximum around day 14 p.i., we focused in these experiments on this time point after infection.
In ⌬actA LMova-infected NSE-OVA mice, CD45 leukocytes preferentially homed to the spinal cord, where they were mainly located in the anterior horn, with many CD3 T cells clustering intimately around the motor neurons (Fig. 6, A and C) . In the brain, CD8 T cells were closely associated with OVA-expressing neurons (Fig. 6E) . Both nonimmunized and immunized NSE-OVA mice showed an identical neuropathology that was more severe in immunized animals. ϩ T cells (D). Anti-CD3 immunostaining, slight counterstaining with cresyl violet, ϫ400. E and F, Several CD8 T cells (arrows) are in intimate contact with neurons (arrowheads) of the frontal cortex in a NSE-OVA mouse (E), whereas frontal cortical neurons (arrowheads) are not associated with CD8 T cells (F). Anti-CD8 immunostaining, slight counterstaining with cresyl violet, ϫ400.
In contrast to NSE-OVA mice, a few CD45 leukocytes were diffusely scattered throughout the brain parenchyma of WT mice without any topographical preferences. Additionally, in the spinal cord of WT mice only very few CD45 leukocytes were present, mainly in the leptomeninges and in the vicinity of the central canal (Fig. 6B) . In contrast to NSE-OVA mice, neurons of WT mice were neither associated with CD3 T cells in the spinal cord (Fig.  6D ) nor with CD8 T cells in the brain parenchyma (Fig. 6F) . Beyond day 14 p.i. (up to day 82 p.i.), neuropathology regressed in all experimental groups (data not shown).
Staining for LM demonstrated that at day 14 p.i. bacteria had been completely eliminated from the brain, indicating that OVA expression of neurons, but not OVA Ag derived from LM, induced the recruitment of CD8 T cells to neurons of NSE-OVA mice (data not shown).
Collectively, these experiments reveal NSE-OVA mice to develop a neurological disorder characterized by neuron-associated CD8 T cell infiltrates with neuropathology paralleling clinical disease activity.
CD8 T cells induce autoimmunity in the CNS of NSE-OVA mice having been infected i.c. with ⌬actA LMova
To determine whether CD8 T cells play the anticipated important role in the development and course of disease, immunized NSE-OVA and WT mice were treated with rat IgG (1), anti-CD8 (2), anti-CD4 (3), or anti-CD4 ϩ anti-CD8 Abs (4) before i.c. challenge infection with ⌬actA LMova. To prevent a more severe listeriosis in T cell-depleted animals, all mice were perorally treated with an antibiotic (ampicillin), which kills LM, starting at day 3 after i.c. infection. NSE-OVA mice treated with rat IgG developed disease similar to NSE-OVA mice without Ab treatment ( Fig. 7 ; for comparison, see Fig. 4 ). In contrast, anti-CD4 ϩ anti-CD8 treatment completely prevented the disease of NSE-OVA mice having been i.c. infected with ⌬actA LMova. After CD8 T cell depletion, NSE-OVA mice also remained completely healthy, whereas anti-CD4 application had no effect on the onset, severity, duration, and incidence of the neurological disease (Fig. 7) .
These experiments define CD8 T cells as decisive players in the induction of an autoimmune i.c. response and do not provide any evidence for a role of CD4 T cells in the induction and effector phase of the CD8 T cell response.
An adoptive transfer of OVA 257-264 -specific CD8 T cells induces an aggravated course of the neurological disease in NSE-OVA mice infected i.c. with ⌬actA LMova
The data presented above illustrate that i.c. infection with ⌬actA LMova induces a CD8 T cell-mediated neurological disease, which can be boostered by immunization-mediated increase of the frequency of OVA 257-264 CD8 T cells. To further substantiate that CD8 T cells cause the autoimmune attack against OVA-expressing neurons and to evaluate whether an increase in the precursor frequency of OVA 257-264 -specific CD8 T cells results in a more severe disease, we performed adoptive transfer experiments with purified OVA 257-264 -specific CD8 OT-I T cells.
In the absence of an i.c. infection with ⌬actA LMova, an adoptive transfer of OT-I T cells did not cause any clinical symptoms in both NSE-OVA and WT mice (data not shown). However, when naive OVA 257-264 -specific CD8 T cells from OT-I mice were injected i.v. into NSE-OVA mice followed by an i.c. infection with ⌬actA LMova 1 day later, these animals developed a severe neurological syndrome, which was significantly aggravated as compared with the disease in nonimmunized and immunized NSE-OVA mice after i.c. infection with ⌬actA LM without OT-I transfer (days 7 and 11 p.i., p Ͻ 0.05; beyond day 21 p.i., p Ͻ 0.001; Fig. 8, A and B, compared with Figs. 3 and 4) . The disease of NSE-OVA mice having received CD45.1 ϩ OT-I T cells was characterized by an increased number of i.c. OVA 257-264 -specific CD45.1 ϩ CD8 T cells at days 3, 8, and 15 p.i. as compared with WT animals (Fig. 8C) . In addition to donor-derived CD45.1 ϩ OVA 257-264 -specific CD8 T cells, the number of host-derived (endogenous) i.c. CD45.2 ϩ OVA 257-264 -specific CD8 T cells was increased in NSE-OVA mice (Fig. 8D) , which further confirms our results in mice without T cell transfer (Fig. 5B) . At days 8 and 15 p.i., absolute numbers of CD45.1 ϩ OVA 257-264 -specific CD8 T cells were at least ϳ10-fold increased as compared with CD45.2 ϩ OVA 257-264 -specific CD8 T cells in both strains of mice (compare Fig. 8C and Fig. 8D ), which is explained by the adoptive transfer of high numbers (2 ϫ 10 6 ) of naive OT-I T cells. At day 8 p.i., ϳ93% of the total i.c. OVA 257-264 -specific CD8 T cells are CD45.1 ϩ and 7% are CD45.2 ϩ in NSE-OVA mice. At day 15 p.i., 84% of the total i.c. OVA 257-264 -specific CD8 T cells are CD45.1 ϩ and 16% are CD45.2 ϩ in NSE-OVA mice. In WT mice, ϳ95% of the total i.c. OVA 257-264 -specific CD8 T cells are CD45.1 ϩ and 5% are CD45.2 ϩ in NSE-OVA mice at days 8 and 15 p.i. (Fig. 8, C and D) . Clinical disease activity appeared to correlate with the frequency of i.c. CD45.1 ϩ T cells (Fig. 8, A and C) . In NSE-OVA mice, OT-I transfer and i.c. infection with ⌬actA LMova induced symptoms reaching a maximum as early as day 7 p.i. and, importantly, mice exhibited a permanent residual neurological deficit with ataxia and disturbed coordination (score of 2) until the end of the observation period (Fig. 8, A and B) .
In conclusion, these experiments demonstrate that the precursor frequency of OVA-specific CD8 T cells plays an important role for the course of the disease. 
CD8 T cells were associated with MHC class I
ϩ OVA-expressing neurons in NSE-OVA mice after i.c. infection with ⌬actA LMova, and to study the fate of neurons in mice with maximal disease activity.
Adoptive transfer of OT-I cells resulted in an increased recruitment of CD45.1 ϩ leukocytes to the brain of NSE-OVA mice after i.c. infection with ⌬actA LMova. At day 8 p.i., CD45.1 ϩ cells, corresponding to the adoptively transferred CD8 T cells, were closely associated with OVA ϩ cells, which are exclusively neurons, as demonstrated in Fig. 1 , and which also expressed MHC class I Ag (Fig. 9) . Although the colocalization of CD3 ϩ T cells with neurons was frequently observed in the spinal cord of NSE-OVA mice (Fig. 6, A and C) , this was less frequent in the brain (Figs. 6F and 9) . In contrast to NSE-OVA mice, only few CD45.1 ϩ OT-I T cells were detectable in the CNS of WT mice having been infected with ⌬actA LMova, and these transferred cells were not found in association with neurons. At days 8 and 15 p.i., 20.9 and 28.9% of the neurons, respectively, in part associated with lymphocytes, in the anterior horn of the spinal cord of NSE-OVA mice were apoptotic, as evidenced by a basophilic nucleus, clumped nuclear chromatin, and shrinkage (Fig. 10, A, B,  and D) . Apoptosis of these neurons was further confirmed by TUNEL staining (Fig. 10D) . In NSE-OVA mice, apoptosis of neurons in the brain was less prominent as compared with the spinal cord, paralleling the increased association of CD3 T cells with neurons in the spinal cord as opposed to the brain (data not shown). In WT mice, only low numbers of neurons in the anterior horn of the spinal cord became apoptotic (2.6 and 1.7% at days 8 and 15 p. i., respectively; Fig. 10 , A, C, and E), resulting in a significantly increased number of apoptotic neurons in NSE-OVA mice as compared with WT mice ( p Ͻ 0.0001 and 0.00001 at days 8 and 15 p.i., respectively; Fig. 10A ).
Discussion
Herein, we demonstrate in a model of "molecular identity", in which transgenic mice express OVA specifically in neurons, that under appropriate conditions an infection of these animals with OVA-secreting LM causes an autoimmune attack against neurons. This new model enabled us to address the basic question of how pathogens might trigger an autoimmune attack against neurons.
Mice with neuron-specific expression of OVA as autoantigen were healthy, fertile, and had a normal lifespan and architecture of the CNS without any pathology per se. Importantly, the widespread neuronal expression of the transgene did not render mice tolerant to OVA, as demonstrated by the development of activated, Ag-specific CD8 T cells upon infection with ⌬actA LMova. The undetectable OVA 323-339 -specific CD4 T cell response after infection with attenuated LMova is most probably explained by the fact that OVA-specific CD4 T cell responses are very weak and subdominant compared with CD4 T cell responses against LLO 190 -201 and not by a tolerance of CD4 T cells against OVA. The absence of T cell tolerance against OVA corresponds to an exclusive transgene expression in the CNS, but not in the thymus and other organs. A defective expression of autoantigens in the thymus is also one important aspect of why autoreactive T cells are not eliminated in the thymus in humans and cause autoimmune diseases of the CNS (20) . Conversely, tolerance against a self epitope can prevent the onset of a cerebral autoimmune disease induced by T cells cross-reacting between a pathogen-specific and a cerebral (self) autoantigen (21) .
Cross-reactivity between a pathogen and neurons induced a CD8 T cell-mediated autoimmune disease manifesting as atacticparetic neurological syndrome with a 100% incidence. Thus, CD8 T cells can function as important effector cells in immune-mediated CNS diseases instead of playing only a minor regulatory role in brain inflammation or being only involved in pathogen clearance (4). In our model, CD8 T cells were in intimate contact with OVA-expressing MHC class I ϩ neurons in the spinal cord, the hippocampus, and the neocortex. The proinflammatory milieu caused by i.c. LM in concert with IFN-␥-producing T cells is likely responsible for the induction of MHC class I Ag on OVA-expressing neurons, thereby enabling their recognition by the autoantigenspecific CD8 T cells. The important role of IFN-␥ for the induction of MHC class I expression of neurons has been demonstrated before (2), and neurons can be destroyed by CTLs (22) . In fact, up to 30% of anterior horn spinal cord neurons were apoptotic and, remarkably, the destruction of neurons was most evident in anatomic regions perfectly fitting with the clinical symptoms. These finding are reminiscent of human Rasmussen's encephalitis, in which CD8 T cells also kill neurons (6) .
T cell depletion experiments illustrate that in contrast to CD8 T cells, CD4 T cells did not contribute to the disease, although NSE-OVA mice harbored increased numbers of LM-specific CD4 T cells in their brain after i.c. infection with ⌬actA LMova. This is mainly explained by the fact that neurons expressed MHC class I but not MHC class II Ags (2) and also by the observation that the primary CD8 T cell response against LM is largely CD4 T cell independent (23) .
The severity of clinical symptoms and the neuronal damage appeared to correlate with the frequency of OVA-specific CD8 T cells. Both a systemic immunization with ⌬actA LMova as well as an adoptive transfer of high numbers of naive OT-I CD8 T cells before i.c. challenge infection with ⌬actA LMova aggravated the disease clinically and histopathologically. The observation that the frequency of autoaggressive T cells determines disease severity is in accord with the concept that repetitive infections with pathogens sharing a cross-reactive T cell epitope with a cerebral autoantigen will increase the number of autoimmunity-inducing T cells and strongly increase the risk for the development of cerebral autoimmune disorders (24) .
The induction of the autoimmune disease required the presence of the pathogen in the CNS, indicating that the local proinflammatory milieu plays an important role. Note that infection of the CNS by LM induced the recruitment of some activated macrophages to the CNS and an activation of microglial cells, which up-regulated MHC Ags (data not shown). Because local APCs are important for the induction of cerebral autoimmune diseases caused by molecular mimicry (25), these i.c. activated, potentially OVA-presenting APCs may also be important for the further activation of OVA-specific CD8 T cells. However, after i.c. infection LM rapidly spread to lymphatic organs, and priming and expansion of LM-specific T cells depend on DC in lymphatic organs. Thus, i.c. APCs might amplify but are unlikely to induce the OVAspecific CD8 T cell response in our model. These findings extend previous studies in experimental autoimmune encephalomyelitis and autoimmune keratitis, which also demonstrated that the proinflammatory milieu is important for the ensuing autoimmune disease (26 -28) . Additionally, in a model of virus-induced molecular mimicry, the induction of an immunopathologic self-reactive Th1 response against a cerebral Ag was dependent on the cerebral infection by the virus (21) .
The importance of the proinflammatory i.c. milieu for the induction of the CD8 T cell-mediated disease in our model is further evidenced by the absence of clinical symptoms in mice after systemic infection with ⌬actA LMova. In agreement with data published previously (11) , an exclusively systemic infection with ⌬actA LMova resulted in the recruitment of some OVA-specific CD8 T cells to the brain. However, this immunosurveillance was insufficient to up-regulate MHC class I Ags on neurons, to activate microglia, to recruit other leukocytes to the brain, and, despite the ubiquitous and continuous expression of OVA by neurons, to induce an autoimmune disease. These findings support the concept that molecular mimicry between a cerebral autoantigen and pathogens might trigger cerebral autoimmune disorders, but that the final pathogen-dependent stimulus might require a neurotropic pathogen (29) . However, in mice expressing the nucleoprotein of glycoprotein of the lymphocytic choriomeningitis virus in oligodendrocytes, a merely peripheral lymphocytic choriomeningitis virus infection was sufficient to induce an i.c. autoimmune reaction not requiring the presence of the pathogen in the CNS (30) . This points either to specific features of the underlying infectious agent and/or to a hierarchy of protection among CNS target cells with neurons, which have a limited regenerative capacity, being more tightly protected than oligodendrocytes.
Importantly, the proinflammatory milieu induced by i.c. infection with OVA-negative LM was insufficient to induce a disease against OVA-expressing neurons. ELISPOT experiments confirmed that OVA-specific bystander CD8 T cells did not expand after i.c. infection with OVA-negative LM. These findings fit into the concept that an infection may cause the activation of bystander T cells, but that this activation, in general, is not sufficient to induce an autoimmune disease due to the extremely low number of T cells specific for a single autoantigen (31, 32) . However, at least studies with transgenic T cells indicate that a strong increase in the frequency of bystander T cells specific for an autoantigen might result in an autoimmune attack after infection with an unrelated pathogen (33, 34) .
The absence of clinical symptoms in mice infected i.c. with OVA-negative LM also illustrates that LM per se did not cause the clinical symptoms in NSE-OVA mice, and several additional lines argue against a direct destruction of neurons by LM. First, the attenuated LM mutant used in the present study only infects the ventricular system and adjacent structures, but not the parenchyma of the CNS (Ref. (14) and this study), whereas the disease provoking OVA-specific CD8 T cells directly homed to OVA-expressing neurons in the parenchyma distant from the ventricular system. Second, in our T cell depletion experiments, mice infected i.c. with OVA-secreting LM were treated with ampicillin, which kills LM rapidly, to prevent development of a more severe cerebral listeriosis in the absence of T cells. This antibiotic abridgement of cerebral listeriosis did not exert any effect on the CD8 T cellmediated disease. Third, immunization of mice before i.c. challenge infection significantly reduced CFU and resulted in a more rapid elimination of LM from the brain, but aggravated the CD8 T cell-mediated neurological disease. Thus, although LM in principle has the capacity to infect neurons (12) , it can be ruled out that LM caused or contributed to the neurological disease described in this study. The observations that neurological symptoms started and persisted after bacterial elimination from the brain in our model and that neuronal damage also became obvious beyond this time point may also be interesting for other autoimmune diseases of the CNS. Importantly, it has been shown before (35) that molecular mimicry between a neurotropic virus and a natural self Ag of oligodendrocytes (i.e., proteolipid protein) resulted in a rapidonset, nonprogressive paralytic disease characterized by potent activation of self-reactive proteolipid protein-specific CD4 Th1 responses. Interestingly, in this model the persistence of the virus in the CNS had a strong influence on disease exacerbation induced by subsequent immunization with the mimicking peptide (35) . Thus, in NSE-OVA mice a persisting infection with an OVA-expressing pathogen might induce a more severe or even progressive disease induced by a continuous destruction of neurons by cross-reactive CD8 T cells. This assumption is supported by the finding that the proinflammatory milieu in the CNS is an important parameter fostering the development of cerebral autoimmune disease induced by molecular mimicry between a pathogen and CNS structures (this study and Ref. (21)).
In our model, the neurological symptoms regressed over time. Because this was paralleled by a decline of i.c. OVA-specific CD8 T cells, the disappearance of the neuron-disturbing cell population most probably is the major factor contributing to the resolution of the disease. The exact mechanism of the reduction of i.c. OVAspecific CD8 T cells is unknown, but was most likely caused by apoptosis of these cells, which has been identified in several models of cerebral autoimmune diseases as the major pathway of T cell elimination. Additionally, the elimination of LM from the brain and the accompanying regressive proinflammatory milieu might contribute to the regressive disease activity at later stages of the disease. This indicates that specific features of the infectious disease affect the ensuing autoimmune disease.
Interestingly, nonimmunized and immunized NSE-OVA mice infected i.c. with ⌬actA LMova clinically recovered completely. Although the clinical symptomatology is explained by the observed neuronal apoptosis, it is well known from clinical and neuropathological observations in disorders affecting the anterior horn of the spinal cord (e.g., in neurogenic muscular atrophy induced by poliomyelitis virus infection) that hypertrophy of undamaged muscles innervated by remaining intact spinal cord motor neurons may compensate for the damaged motor units. However, NSE-OVA mice supplemented with OT-I CD8 T cells before i.c. infection with ⌬actA LMova only partially recovered during the period of the study. This finding indicates that the regenerative capacity of the neurono-muscular system is limited and not able to compensate for the more severe damage of neurons in these animals.
An important finding of our experiments was that only a small fraction of OVA ϩ neurons, preferentially in the anterior horn of the spinal cord, was destroyed by CD8 T cells in NSE-OVA mice after i.c. infection with ⌬actA LMova. At present, the reason is unclear why preferentially this subset was a target of the CD8 T cell response. In good agreement, Zhu et al. (10) recently demonstrated in a feline immunodeficiency virus infection model that CD8 T cells caused injury of noninfected dorsal root ganglion neurons in a CD154-dependent manner.
The observation that in our study transgenically expressed OVA induced a clinically relevant neurological disease after i.c. infection with OVA-transgenic LM may also be of relevance for vectorbased gene therapies of CNS disorders. There is good evidence that in vector-based gene therapies of neurological disorders T cells might attack CNS cells, which express the transgene (36) . Such an immune response might be massively amplified by infectious pathogens, which invade the CNS and share a cross-reactive epitope with the transgene applied therapeutically.
